The structure of the human growth hormone gene cluster has been determined over a 78 kilobase region of DNA by the study of two overlapping cosmids. There are two growth hormone genes interspersed with three chorionic somatomammotropin genes, all in the same transcriptional orientation. One of the growth hormone genes lies in an active chromatin conformation in the pituitary and at least one of the chorionic somatomammotropin genes lies in an active chromatin conformation in the placenta. The two groups of genes are highly homologous throughout their 5 1 flanking and coding sequences, but diverge in their 3' flanking regions which raises the paradox of how genes so similar in structural and flanking sequences can be so differentially regulated. Analysis of the sequences of the genes and identification of at least three different classes of duplication units interspersed throughout the five gene cluster suggests that the cluster evolved quite recently and that the mechanism of gene duplication involved homologous but unequal exchange between middle repetitive elements of the Alu family.
INTRODUCTION
Human growth hormone (HGH, also known as somatotropin) is part of a protein family which also includes the human chorionic somatomammotropin (HCS, also known as placental lactogen) and prolactin (1) . HGH and HCS are more closely related to each other than to prolactin; amino acid sequence comparisons manifest 85% homology for HGH/HCS but only 35% for HGH/prolactin (1) (2) (3) . The genes for HGH and HCS are clustered together at band q22-q24 on chromosome 17 (4-6), but the prolactin gene is located on chromosome 6 (7).
In spite of such close proximity, expression of HGH and HCS genes seems strictly tissue-specific; HGH production is restricted to the pituitary and HCS is made only in the placenta.
HGH and HCS genes were among the first human genes to be isolated and a great deal is known about their nucleotide sequences and transcriptional processing (8) (9) (10) (11) (12) (13) (14) (15) . Comparison of gene sequences with cloned cDNAs revealed that two non-allelic genes are responsible for HCS production (15) , but only one gene expresses HGH. Very little is known about the mechanisms responsible for developmental regulation of these genes, but by analogy with other multigene families (16) (17) 48) , these mechanisms may involve heritable changes in chromatin structure and thus depend on the linkage arrangement and orientation of HGH and HCS genes along the chromosome.
Two approaches have been taken to establish how the HGH and HCS genes might be arranged:
analysis of recombinant bateriophage (9, 11, 13, (18) (19) (20) and hybridization of HGH or HCS cDNA probes to digests of genomic DNA (21) (22) (23) .
Although the sizes of certain genomic restriction fragments which contain HGH and HCS coding sequences are well established, there has been no consensus as to either the true number or the linkage arrangement of these genes (hereafter referred to as the HGH gene family).
In order to understand the molecular anatomy of the HGH gene family and the differential and tissue-specific expression of its members, we have isolated HGH and HCS genes from a cosmid library of human DNA. We now report the structure of two overlapping cosmid clones which, for the first time, demonstrates the exact number of genes and the physical linkage of the entire gene family. Results from preliminary experiments on HGH chromatin structure and on the location of internal duplication units suggest models for the expression and molecular evolution of the HGH locus.
MATERIALS AND METHODS

Preparation of the cosmid library
A cosmid library was prepared in Zj_ coli strain HB101 from high molecular weight placental DNA (26) partially digested with Mbol to an average size of 30-50 kb. The 35-45 kb fraction was isolated from a 10%-40% sucrose gradient and treated with calf intestinal alkaline phosphatase to prevent self ligation of target fragments. Cosmid vector arms were prepared from the plasmid pHC79 (27) by adapting a strategy designed to prevent the formation of vector concatemers (28) . Briefly, pHC79 was digested with EcoRI or Sail, treated with calf intestional alkaline phosphatase, then digested with BamHI.
EcoRI -BamHI arms or BamHI -Sail arms were then purified from a 102-40% sucrose gradient and ligated to target DNA at a 2 to 1 molar ratio. The conditions for ligation, packaging, transduction, plating, hybridization, secondary screening, and preparation of cosmid DNA have all been described (29) . Typical packaging efficiencies were 2-5x10 colonies/ug of target DNA and 1x10 colonies/ug of vector arms alone. Approximately 500,000 colonies g were screened with two probes labelled to a specific activity of 2x10 cpm/ug.
Physical Mapping of the Cosmids
Digestion of each cosmid with all possible pairwise combinations of Clal, Hindlll, Sail, and Xhol led to a unique solution for the location of most of these relatively infrequent sites. We then used three different strategies to deduce the more complex BamHI and EcoRI restriction maps: 1) double and triple limit digests were performed on each cosmid with various combinations of BamHI, EcoRI, Cla_I, Hindlll, Sa_ll, and Xhol; 2) every EcoRI and Hindlll restriction fragment was isolated and redigested with BamHI and EcoRI, respectively; and 3) selected Clal and Hindlll restriction fragments were isolated, asymmetrically end-labeled, and then partially digested with BamHI and EcoRI. Every restriction fragment linkage was confirmed with at least two independent strategies.
Blot Hybridizations
DNA fragments to be labelled as probes were purified from vector 32 sequences and were nick-translated (32) with p-dCTP and dTTP to a specific Q activity of at least 2x10 cpm/ug. Nitrocellulose filters were prehybridized at 42° for 4 hr in 50% formamide, 5xSSC, 50 mM sodium phosphate pH 6.5, 5xDenhardt's, 200 ug/ml sonicated denatured herring sperm DNA, and 100 ug/ml 6 polyadenlyic acid. Hybridizations were performed at 42 for 12-16 hr in fresh prehybridization solution supplemented with 10% dextran sulfate and 10 cpm/ml of denatured hybridization probe. Filters were washed at 67 with at least four changes of 2xSSC, 0.1% SDS for 24 hr, then 0.5xSSC, 0.1% SDS for 30 min.
DNAasel Digestion of Nuclei
Single cell suspensions from human placenta or pituitary were dissected away from vascular and connective tissue and then homogenized with a B-Dounce in lxSSC, lOmM TrisHCl, pH 7.5. Cells were lysed with RSB (0.01 M TrisHCl (pH7.4), 0.01 M NaCl, 3 mM MgCl.)+0.5% NP-40 and the nuclear pellet was washed in RSB with no detergent (35) . Ten aliquots of the nuclear suspension were dispensed at a DNA concentration of 1 mg/ml and DNAsel was added to samples 2 through 10 to final concentrations of 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 ug/ml respectively. After incubation at 37 for 5 min an equal volume of stop solution (lOmM TrisHCl pH 7.5, 300 mM NaCl, 5mM EDTA, 0.5% SDS, and 500 ug/ml Proteinase K) was added and the DNA was purified by phenol-chloroform extraction and ethanol precipitation.
RESULTS
Molecular Cloning of the HGH Gene Family
To isolate the HGH gene family on large segments of DNA, we constructed a cosmid library from human placental DNA and screened it with two radiolabelled probes: a 500 basepair EcoRI-BamHI fragment from the 5'
flanking region of HGH-N which cross hybridizes with the corresponding region in the HGH-V and HCS genes (13) ; and a 120 basepair Ps_tI-PvuII fragment from the 5 1 end of an HCS cDNA clone (13) . Four colonies hybridized with these probes and the cosmids isolated from two of these, cGH4 and cGH21, were analyzed in detail.
Measurement of EcoRI and BamHI restriction fragments from the two cosmids revealed that they carried inserts of 43 and 39 kb. Our rationale for using the above nomenclature is as follows. The HGH-N and HGH-V genes correspond to the well-described normal and variant growth hormone genes, respectively (13, 22) . They are both located on 2.6 kb EcoRI fragments but can be readily distinguished by the presence of a BamHI site within the fourth intron of the variant gene (13) . The HCS-A and HCS-B genes are both located on 2.9 kb EcoRI fragments, but the HCS-A gene contains two PvuII sites whereas the HCS-B gene contains only one (data not shown). Thus, the reported HCS gene sequence from a genomic 2.9 kb EcoRI fragment (13) corresponds to that of the HCS-B gene, but the DNA sequence of a cloned HCS cDNA (8, 13) Nuclei were prepared from human placenta or pituitary and digested with DNAse I at concentrations which varied from 0.01 to 5.0 ug/ml as described in Materials and Methods. After digestion, the DNA was purified and ten ug from each sample was digested with BamHI, fractionated on 0.7% agarose gels and transferred to nitrocellulose membranes (21) . The filters were processed for hybridization and the 500 bp EcoRI-BamHI fragment from the 5 1 Taken together, these results show that the HGH cluster contains at least three types of duplication units (Fig. 4, bottom) . Formation of the present five gene locus from the ancestral two gene locus probably involved homologous but unequal exchange between the initial duplication units. However, the three HCS genes share 3' flanking sequences which lie outside of the initial HGH/HCS duplication unit, which suggests that expansion of the HGH cluster from two genes to five genes may also have involved recombination of unrelated sequences. In considering several molecular pathways that could account for this expansion, we found that the structure of the present day locus is most easily explained by a simple combination of both mechanisms which are presented on lines C through E of This event cannot simply be explained by unequal crossing over between tandemly repeated homologies because the region d:e lies outside of the initial duplication unit. D, formation of a five gene locus from a four gene locus by homologous but unequal crossing over at sequence element c, which lies within the initial duplication unit. E, the predicted pattern of intergenic homologies in the present day five gene locus. This pattern corresponds very well with the one determined experimentally (Fig. 1,4) . F, the extent of HGH and HCS deletion mutants described in the legend to The mechanism of evolution of the HGH gene cluster could be reflected in the generation of the deletion mutants which have been described (22, 24) .
Lane f of Figure 5 shows the breakpoints of the deletions based on the available data from genomic blot hybridizations which was presented in Figure   1 . In both cases terminal portions of the cluster are missing. In one case, a 7.5 kb fragment which contains the HGH-N gene has been deleted (22) ; in another, a fragment at least 30 kb in length which contains the HCS-A, HGH-V,and HCS-B genes is missing (24) . These deletions could not have been generated by homologous but unequal crossing over between tandemly repeated HGH or HCS genes, because this type of recombination could have removed only internal fragments. These deletions were probably generated by recombination between repetitive elements unrelated to HGH, similar to the mechanisms involved in the initial HGH/HCS duplication. DNA sequence analysis of the intergenic regions in the normal cluster and a determination of the precise breakpoints of the deletion mutants will yield more insight into the particular sequences involved in the crossing over.
DISCUSSION
We have now isolated the entire HGH gene family. The structure of the HGH chromosomal locus as determined from analysis of two DNA segments carried in cosmid vectors agrees very well with extensive mapping data generated from genoraic blots (22, 23) 
